inexpensive, sealed and mounted ultrasonic transducer for the mist generator. The mist generator was assembled by removing the water reservoir of the humidifier and placing a Rubbermaid, polypropylene 'pasta keeper' containing nutrient medium over the transducer (Fig.  1A) . The polypropylene mist chamber was held directly over the transducer by four stainless steel bolts glued to the base of the humidifier. Distilled, deionized water between the transducer and the bottom of the mist chamber cooled the transducer and transmitted the acoustic energy. The bottom of the mist chamber, in turn, transmits enough acoustic energy to the medium to produce the desired mist. Maximum mist production occurred when the height of the nutrient medium in the mist chamber was maintained at 2.5 ± 0.6 cm above the transducer. This level was controlled in the root studies by replacing the medium lost during each misting cycle with medium from a reservoir. In the shoot experiment, a level overflow maintained the medium depth. The level overflow was constructed by inserting a 12.7 mm outer diameter connector (ColeParmer, P/N 06465-35) 19 mm from the bottom of the mist chamber. Nutrient media from the reservoir was pumped to the mist chamber using a peristaltic pump (Masterflex, Cole-Parmer, P/N H-07553-70).
The top of the mist chamber was sealed with a rubber stopper (Size 15; VWR Scientific, P/N 59580-546) fastened by C-clamps. In the root studies, the stopper had a central 3.8 cm hole for mist transport into the culture chamber and two smaller inlets near the perimeter for air and medium. In the shoot studies, the stopper was replaced with an 8.9 cm (diam.) ϫ 6.4 mm thick polycarbonate cap (Plastics Unlimited, Worcester, Low cost mist bioreactors were designed to grow Artemisia annua transformed roots and Dianthus caryophyllus shoots. The reactors use similar mist generators but the culture chambers were modiÞed to meet the requirements of each application. For root cultures grown in the mist reactor, the ratio of the Þnal to initial fresh weight was 7.4 after 24 days while for the shoots, the ratio was 10.8 after 14 days. Shoots grown in the mist had about half the hyperhydration of the controls grown in culture tubes.
SimpliÞed acoustic window mist bioreactor
MA). The cap also contained inlets for air and medium but the hole for mist transport was decreased to 2.5 cm and tube connectors were used for the inlets and mist exhaust (Cole-Parmer, P/N DN-3070430, P/N 06465-35 and P/N 30702-26). A 0.2 m PTFE Gelman air filter on the air inlet lines ensured sterility of the incoming gas stream that carried the mist from the mist chamber to the culture chamber.
Hairy root chamber
The root chamber (Fig. 1B) was constructed by cutting and gluing together two 500 mL screw cap polycarbonate containers (VWR, P/N 21010-432 and 21040-422) . The overall dimensions of the root chamber were 20 cm (length) ϫ 7.5 cm (diam.) with the 5.0 cm opening at the top and the 4.0 cm opening at the bottom. The larger opening at the top made inoculation easier, while the smaller opening on the bottom left enough space for the air and nutrient inlets into the mist chamber. A nylon screen (2.0 mm ϫ 2.0 mm; Small Parts Inc., Miami Lakes, FL, P/N CMN 2000) placed across the bottom prevented roots from falling into the mist chamber. An O-ring and silicone sealant were used to seal the bottom of the root chamber to the stopper that was the mist chamber's top. The top of the root chamber was also sealed with a rubber stopper (Size 11; VWR, P/N 59580-422) that had a 2.5 cm hole for mist exhaust. The exhaust from the root chamber passed through a series of two traps. The first trap was a polypropylene graduated cylinder (VWR, P/N 24776-086) used to measure mist droplet capture efficiency of the roots and was not necessary for growth studies. The second trap was a Sarstedt graduated screw cap tube (50 mL, VWR, P/N 62.547.004) containing a 0.1 M NaOH solution used to prevent back contamination into the root chamber. Both traps were capped with rubber stoppers (Size 7; VWR, P/N 59580-262) containing holes for mist entrance and exit. The top of the root chamber and the first cylinder were connected using 12.7 mm inner diameter silicone tubing (ColeParmer, P/N G-96400-82) while the exhaust traps were connected using 3.1 mm inner diameter silicone tubing (Cole-Parmer, P/N G-96410-16). The root and mist chambers were assembled and autoclaved (121°C, 21 min) as a single unit. The exhaust traps, reservoir, culture and mist chambers were autoclaved as a single unit and inoculated under sterile conditions. After inoculation, the entire assembly was placed on the base of the humidifier.
Artemisia annua culture conditions
Transformed roots of Artemisia annua clone YUT16 (Weathers et al., 1994) , growing on nylon rings, were used as the inoculum for the mist reactor. The rings were constructed using nylon screen (2.0 mm ϫ 2.0 mm; Small Parts Inc., P/N CMN 2000) cut into 12.5 cm ϫ 1.7 cm strips whose ends were heat fused. Each was placed in a 125 mL Erlenmeyer flask containing 156 Biotechnology Techniques · Vol 11 · No 3 · 1997 Figure 1 Diagram of the acoustic window mist bioreactor showing (A) the mist generator with the mist chamber on the home humidiÞer base, (B) the growth chamber containing transformed roots supported on packing rings, and (C) the micropropagation chamber that was connected to the mist generator using 2.5 cm Tygon tubing.
roots and 50 mL of Gamborg's B5 medium supplemented with 3% (w/v) sucrose and adjusted to pH 5.7 (Gamborg et al., 1968) . The roots grew for seven days on a shaker (100 rpm) at 25°C in continuous cool-white fluorescent light (10-20 mol m -2 s -1 ) to facilitate the attachment of the roots to the nylon rings. The root chamber was inoculated from the top with eighteen rings, giving initial root fresh weights ranging from 12-31 g. The nutrient reservoir contained 700 mL of fresh medium and 350 mL of spent medium from inoculation flasks (Gamborg's B5 medium, 3% w/v sucrose). Mist was fed to the root cultures with a cycling time (Chrontrol timer, Model CD-4, Lindberg Enterprises, San Diego, CA) of 1 min on and 15 min off and an air flow of 5.0 L min -1 , giving a medium flow rate of 1.38 ± 0.11 mL h ) for periods of 3, 6, 12, or 24 days to give three replicates per run (except 24 days which had only two replicates). The fresh weights of the root cultures were calculated by subtracting the weight of the packing rings (averaged) from the total weight of the rings and the blotted root biomass. Fresh weights were measured 0, 3, 6, 12, and 24 days after inoculation. Biomass increase was measured by calculating the ratio of final fresh weight/ initial fresh weight (X f /X i ) for each run.
Micropropagation chamber
The micropropagation chamber (Fig. 1C) consisted of a 2.0 liter clear, polycarbonate container (Cole-Parmer, P/N H-63500-00) that was connected to the mist chamber (Fig. 1A) using a 61 cm (length) ϫ 2.5 cm (inner diam.) nylon tube (Tygon, Cole-Parmer, P/N DN-06410-16). The micropropagation chamber's top (Cole-Parmer, P/N H-63500-50) had a 2.5 cm hole with a tube connector (Cole-Parmer, P/N 30702-26) in the center for mist inlet and a 0.6 cm mist exit (2.5 cm from the center) with a coalescer fabricated from a polypropylene drying tube (Nalgene, P/N 6201A, Rochester, NY) packed with stainless steel scrubbing pads (Lab Mart, So. Plainsville, NJ). The mist passed through the coalescer and was then bubbled through 100 mL of 0.5 M NaOH in a 250 mL Erlenmeyer flask to prevent microbial back contamination into the micropropagation chamber. A 0.6 cm drain in the bottom center of the micropropagation chamber returned any liquid collected to the reservoir for recycle. Plantlets were placed 1.0 cm above the bottom of the micropropagation chamber on a 4.0 mm ϫ 4.0 mm stainless steel mesh (Small Parts Inc., P/N CX-6 ) that was covered with one layer of filter paper (rapid filtration, Scientific Products, McGraw Park, IL.). The reservoir, mist chamber, and micropropagation chamber were autoclaved separately and connected under sterile conditions. After inoculation, the rim of the micropropagation chamber's lid was sealed with Parafilm (Chicago, IL.) and clamped with two C-clamps.
Dianthus caryophyllus culture conditions
Fifty two Dianthus caryophyllus node cuttings (10 ± 2 mm long) with two leaves (5-8 mm long) were placed in the micropropagation chamber on the filter paper. The reservoir contained 750 mL of MS medium (Murashige and Skoog, 1962) supplemented with 3% (w/v) sucrose and adjusted to a pH of 5.7. Plantlets were misted with a 5 min on and 60 min off cycle (Chrontrol) with an air flow rate of 4 L min -1 , giving a medium flow rate of 0.26 ± 0.04 mL min -1 . Control shoots were grown in fourteen, 25 mm ϫ 150 mm culture tubes (VWR, P/N 60825-709) with 15 mL of MS medium supplemented with 3% (w/v) sucrose and 0.24% Gelrite adjusted to pH 5.7. All cultures were grown with overhead cool white fluorescent lights with a 16 h photoperiod (10-20 mol m -2 s -1
) at 25 ± 2°C. Fresh and dry weights of twelve node cuttings were averaged and used as the initial inoculum weight. After two weeks, fresh and dry weights were collected from the shoots grown in the reactor and from the controls. Hyperhydration was evaluated based on shoot morphology according to Ziv et al. (1983) .
Results and discussion
Hairy root growth Roots grown in the mist had a proliferation of root hairs and appeared to be white and healthy until day 12 when roots began to darken and show signs of necrosis. The 24 day old roots grown in the reactor were dark and the nutrient medium was brown. The browning of the tissues could be the result of a nutrient deficiency or a build up of toxic compounds. Future studies using a fed batch reactor where the medium is supplemented with nutrients after day 12 may determine if roots were nutrient deficient. After a period of 24 days, the fresh weight of the tissue increased 7.4 times ( Table 1) . The maximum packing density achieved (final root volume/reactor volume ϫ 100), was 15.6%, assuming that the specific gravity of the roots is about 1.
Dianthus caryophyllus growth
There was no significant difference in fresh or dry weights between shoots grown in the reactor and the controls, however, plantlets grown in the reactor were significantly less hyperhydrated than those grown in the culture tubes. The reactor grown shoots appeared to have a normal cuticle layer, were glaucous, and had no "glassy" appearance. The ratio of dry weight to fresh weight of the controls does not indicate that the shoots grown in the culture tubes (controls) were translucent due to greater water absorption. Future research on reducing hyperhydration of the plantlets will include decreasing the average humidity in the micropropagation growth chamber and increasing the CO 2 levels in the gas phase.
Conclusion
The new acoustic window mist bioreactor is easy to assemble and has eliminated the difficult step of fabricating acoustic windows. The mist chamber has been used many times with repeated autoclaving and we have not observed loss in performance or any browning of the window as reported by Buer et al. (in press ). The amount of mist created through the new acoustic window is similar to that of the fabricated window when the same transducer (TDK, Manostat, Corp., P/N, NB-58S-01) is used (unpublished data). The system's mist generator can be used to feed any number of chamber designs for studies that require humidity and gas manipulation in a low shear environment. Such studies are now easier to conduct with the new, inexpensive nutrient mist bioreactor. 158 Biotechnology Techniques · Vol 11 · No 3 · 1997 
